Objective: An experiment was conducted to assess the antioxidant contents and activities of colored rice grains and to evaluate their nutritive characteristics in terms of chemical compo sition and in situ ruminal degradation. Methods: Ten cultivars of colored rice grains (Oryza sativa L.) collected from several areas of Japan were studied, and control rice without pigment, maize, barley, and wheat grains were used as control grains. Their chemical compositions, pigment, polyphenol contents, total antioxidant capacity (TAC), and degradation characteristics were determined. Results: The starch contents of the colored rice grains were in the range of 73.5% to 79.6%, similar to that of the control rice grain. The black and red rice grains contained anthocyanin (maximum: 5,045.6 μg/g) and proanthocyanidin (maximum: 3,060.6 μg/g) at high concen trations as their principal pigments, respectively. There were significantly (p<0.05) positive relationships among the pigment contents, polyphenol content, and TAC values in the colored and control rice grains, indicating that the increase in pigment contents also contributed to the increased polyphenol content and TAC values in the colored rice grains. The dry matter and starch degradation characteristics, as represented by c (fractional degradation rate of slowly degradable fraction) and by the effective degradability, of the colored rice grains and the control rice grain were ranked as follows among commonly used grains: wheat>barley ≥rice>maize. The colored rice grains also included the mostdigestible starch, since their potential degradable fraction and actual degradability at 48 h incubation were almost 100%. Conclusion: Colored rice grains have high potential to be used as antioxidant sources in addition to starch sources in ruminants.
INTRODUCTION
Although maize, barley, and wheat grains are widely used as carbohydrate sources in the ruminant diet, pigmentfree rice grains can be used in place of those grains [1] . There is increasing demand for the domestic production of rice crops to create a stable supply of car bohydrate feedstuff that is more stable than a supply that is dependent on imported grains. This is also because the cultivation of rice crops rather than maize, barley and wheat crops, is appropriate for the humid climates of East Asia, including Japan. In fact, the production of rice crops as feedstuff and their availability as feed for ruminant animals have been rapidly increasing in Japan in recent years [2] .
Oxidative stress, which is quite naturally produced in life activity of living organisms, elicits oxidative damage of cellular macromolecules, cell death, and structural tissue damage [3] . It is generally known that ruminant animals such as cattle, sheep and goats can undergo oxidative stress affected by nutritional management, stage in the production cycle, and environmental factors [4] . The in cidence of several diseases in farm animals is thought to be associated with oxidative stress [3] . Thus, these previous re ports suggest that the use of antioxidant substances in ruminant feed could help prevent production loss due to oxidative stress.
Of rice cultivated around the world, the types that are most widely cultivated are pigment free, and the rest have colored grains containing pigment. The types of colored rice include black and red rice, and their main pigments are anthocyanin and proanthocyanidin, respectively [5] . It has been reported that both of these pigments exhibit strong antioxidant activi ty [6] . Therefore, black and red rice grains have considerable potential as sources of antioxidants in addition to being car bohydrate sources for ruminant animals.
Since antioxidants in foods have attracted increasing atten tion, a number of rice cultivars with colored grains have been developed at local governmental institutes in Japan [7] . They have been improved to adapt to various types of climatic con ditions in Japan as well as to have high contents of functional pigments. However, no studies have yet been performed to assess the value of these colored rice cultivars bred in Japan as ruminant feedstuffs. The objective of the present study was to assess the nutritive characteristics of 10 cultivars of colored rice grains in terms of their chemical composition and their in situ ruminal degradation, as well as their antioxidant con tents and activities.
MATERIALS AND METHODS

Animal care
The animal trial plan was approved by the Animal Ethical and Care Committee of the Institute of Livestock and Grassland Science, National Agriculture and Food Research Organization (NARO), and the animals were cared for according to the Animal Care Guideline of this committee during the trial.
Grain samples
Ten rice cultivars with colored rice grains (Oryza sativa L.; black rice: Minenomurasaki, Asamurasaki, Okunomurasaki, Sayomurasaki; and red rice: Yuyakemochi, HokurikuAka212, Benigoromo, Beniroman, Benizomemochi, ShuuAka8745), one control cultivar with pigmentfree rice grains (Oryza sativa L.; Nipponbare) and three feed grains (maize, barley, and wheat) were used. The control rice cultivar and the three feed grains were enrolled as a rice control without pigment and as commonlyused grain controls with different ruminal degra dation characteristics [8] , respectively. The hulled rice grains were obtained from governmental institutes located in several areas of Japan (the Tohoku, Hokuriku, Tokai, Chugoku and Kyushu regions). They were cultivated under the conventional conditions of their institutes and harvested at the maturing stage. The harvested grains (40 to 60 kg) were individually mixed well by a shovel, and part of them (approximately 1 kg) were used for the present study. The maize, barley, and wheat grains, which were imported, were obtained from a feed com pany.
In situ study A nylon bag method was used to determine the dry matter (DM) and starch degradability of the grains by suspending bags in the rumens of two rumenfistulated Holstein steers, which were 520.0±28.3 kg in live weight and 2.0 years old. The animals were fed a diet containing timothy hay, soybean meal, and flaked maize at the ratio of 65:23:12 on a DM basis to meet the maintenance energy requirements of the Holstein steers [9] , and also had free access to fresh water and mineral blocks. The animals were adapted to the diet for 2 weeks prior to the start of the ruminal incubations. Grains were ground through a 2mm screen using a Wiley mill, since a milling process that provides particles <2 mm in size is required to maximize rice starch digestion in ruminants [8] . Approximately 7 g of the ground material was accurately weighed into nylon bags (10 cm×20 cm, 53μm pore size; Bar Diamond, Parma, ID, USA), and the bags were tightly sealed by rubber bands. Nylon bags containing materials in a largemesh net with weight were placed in the rumen of each animal via the ruminal cannula after the bags were soaked in lukewarm water. The bags were incubated in reverse order for 0, 3, 6, 9, 12, 24, and 48 h and removed at a common time. Immediately after removal, all incubated bags were immersed in icecold water (for 10 min) to stop all microbial activity. All bags were washed in a domes tic washing machine (PS555; Hitachi, Tokyo, Japan) under running tap water for 20 to 25 min until the effluent water was clear, and then washed again by hand with cold tap water. The 0hour bags were not incubated in the rumen but instead were immersed in water (40°C) for 1 h to measure the soluble fraction before the washing procedure. They were then dried at 60°C for 48 h to determine the DM content, and the residues were used for starch assays. The ruminal incubation was per formed in quadruplicate for each grain. The replication was conducted with 2 replicates per each animal at different pe riod (2 animals×2 periods).
Data from this in situ study were fitted to the model of Ørskov and McDonald [10] : p = a+b× (1-e -ct ), where p = ru men disappearance after t hours; a, b, and c = model constants (a = soluble and very rapidly degradable fraction; b = slowly degradable fraction; and c = fractional degradation rate of b). Effective degradability (ED) was calculated as ED = a+[(b×c) /(c+k)] [11] , where a, b, and c are as described above and k is the fractional rate of passage from the rumen, with a constant k value of 0.05/h. Those calculations were carried out using the computer program 'Neway' (X. B. Chen, International Feed Resources Unit, Aberdeen, UK) based on the models of Ørskov and McDonald [10] and McDonald [11] .
Chemical analysis
The samples were ground with a 1mm screen prior to the as says. The DM of the samples was measured by drying them at 135°C for 2 h. The crude protein, ether extract, and crude ash of the samples were analyzed according to AOAC Methods 976.05, 920.39, and 942.05, respectively [12] . The amount of organic matter was calculated as the weight loss after ashing. The neutral detergent fiber (aNDFom) was determined using AOAC Method 2002.04 with thermostable αamylase [12] and expressed free of ash. The acid detergent fiber (ADFom) of the samples was analyzed by the methods of Van Soest et al [13] and expressed free of ash.
For assays of starch, amylose, anthocyanin, proanthocy anidin, polyphenol and antioxidant activity, the samples were further ground with a 0.25mm screen. A commercial kit (Total Starch assay kit; Megazyme International, Wicklow, Ireland) based on AOAC Method 996.11 was used to determine the starch content in the samples. The amylose content of the samples was measured by the colorimetric iodine method according to the procedure of Juliano [14] . The anthocyanin, expressed in terms of cyanidin3glucoside equivalents, in the samples was measured by the pH differential method (AOAC Method 2005.02; [15] ). Proanthocyanidin, expressed in terms of (+)catechin equivalents, was colorimetrically assayed by the vanillin method [16] with sample extracts following to procedure described previously [17] . For polyphenol and to tal antioxidant capacity (TAC) assays, sample extracts were prepared by the procedure of Suda et al [17] . Polyphenol ex pressed in terms of gallic acid equivalents and TAC expressed in terms of the copperreducing power of the sample extracts were determined by the FolinCiocalteu method [18] and using a commerciallyavailable kit (PAO; Nikken SEIL, Shizuoka, Japan), respectively.
Statistical analysis
All statistical calculations were performed using SAS [19] . The data from the in situ study were subjected to the MIXED pro cedure using the following model: Y ijk = μ+G i +A j +ε ijk , where Y ijk is the dependent variable, μ is the overall mean, G i is the fixed effect of the grain, A j is the random effect of the animal, and ε ijk is the random residual error. For data on the pigments, polyphenol contents, and TAC, the above model without the effect of animal was used. The means were compared using a multiple comparison test (Tukey) following a significant main effect. A contrast orthogonal test was also conducted for data on the pigments, polyphenol contents, and TAC between control, black and red rice groups. The relationships between values (chemical compositions, pigments, polyphenol contents, TAC, and in situ degradability model parameters) were detected using the CORR procedure. A value of p<0.05 was considered to show statistical significance.
RESULTS
Chemical composition
The chemical compositions of the grains studied are shown in Table 1 . The starch contents in the rice cultivars were in the range of 73.5% to 79.6%. The amylose contents of the rice cul tivars varied between 1.9% to 17.4%.
Pigments, polyphenol contents, and TAC values
In Table 2 , the pigments, polyphenol contents, and TAC in Correlation between values associated with antioxidant property As shown in Table 3 In situ degradability of DM and starch For DM degradability (Table 4) , the overall pvalues of all of the presented items were significant (p<0.001). The values of a and b fractions were significantly (p<0.05) lower and higher in the rice grains than in the control feed grains, respectively. The values of c and ED in the rice grains were in the range of 0.111 to 0.204 /h and 72.5% to 81.1%, respectively. The po tential degradable fraction (a+b) and the actual degradability at 48 h incubation showed high values (>95.8% and >96.9%, respectively) without a significant difference (p>0.05) in the rice grains. For starch degradability (Table 5) , the overall pvalues of the presented items except for a+b and the actual degradability were significant (p<0.001). The values of a and b fractions were significantly (p<0.05) lower and higher in the rice grains than in the control feed grains, respectively. The values of c and ED in the rice grains varied between 0.117 to 0.199/h and 72.2% to 81.8%, respectively. Significant main effects were not ob served in the values of a+b and actual degradability (p>0.05). ) in the same column differ (p < 0.05, Tukey test). * p < 0.05, ** p < 0.01, *** p < 0.001 (contrast orthogonal test). Table 3 . Correlations (r) among anthocyanin, proanthocyanidin, polyphenolcontents, and total antioxidant capacity (TAC) in rice cultivars
Items
Polyphenol content TAC
Anthocyanin content 1) 0.990** 0.988** Proanthocyanidin content 2) 0.826* 0.774* Polyphenol content 3) -0.985*** 1) In black and control rice cultivars.
2) In red and control rice cultivars. 3) In all rice cultivars. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Correlation between chemical compositions and digestion characteristics
There were no significant (p>0.05) correlations between the amylose content and amylose/amylopectin ratio, and in situ degradability model parameters (values of a and b fractions, c, a+b, ED, and actual degradability of DM and starch). A sig nificant positive correlation was observed between the actual degradabilities of DM and starch at each incubation time (r = 0.999, p<0.0001).
DISCUSSION
Rice grain (without pigment), when used as a ruminant feed, can be an alternative to common grains such as maize, barley, and wheat because of its high starch contents [1] . The starch contents of the colored rice cultivars (73.5% to 79.6%) were similar to those of the control rice cultivars in the present study and in previously reported studies [20, 21] , which showed val ues ranging from 71.9% to 78.7%. Thus, colored rice grains as well as pigmentfree rice grain can act as sources of starch. As expected, the black and red rice cultivars contained high concentrations of anthocyanin and proanthocyanidin, respec tively, whereas the control rice cultivar had neither pigment in the present study. Additionally, a wide range of differences in the anthocyanin (705 to 5,046 μg/g) and proanthocyanidin contents (777 to 3,061 μg/g) between the colored rice cultivars was observed. In line with these results, previous studies found varietal differences in the pigment contents of colored rice cultivars [7] . Other factors affecting the pigment contents of colored rice grains have been reported to include air tempera ture during the ripening period and the nitrogen fertilizer level [22] . However, Ito et al [23] suggested that varietal differ ences are more responsible than the cultivation conditions for the pigment contents in colored rice grains. Actually, in the selected coloredrice cultivars studied in previous reports [7] , the same rank order of pigment concentrations was observed: Asamurasaki>Okunomurasaki in terms of the anthocyanin concentration, and Beniroman>Benizomemochi in terms of the proanthocyanidin concentration.
The significantly positive relationships among the pigment contents, polyphenol contents and TAC values in the rice cul tivars in the present study indicate that the pigment contents have additional contribution to the increased polyphenol con tent and TAC values in the colored rice grains. These results correspond to those of previous reports which used different colored rice cultivars than the present study [23] . Pigmentfee rice grains include antioxidants such as vitamin E, and colored rice grains contain similar levels of vitamin E [7] . Based on the USDA database [24] , rice grain without pigment have been classified into a group having higher TAC value in grains. Therefore, colored rice grains, whose TAC values were en hanced by their increased pigment contents in comparison to the control rice grain, would be a rich source of antioxidants.
In rice grains, the in situ degradation characteristics of DM should be well represented by the degradation characteristics of starch because starch is surely the principal chemical com ponent (>73.5%). Indeed, there was a significantly positive correlation between the DM and starch degradabilities at each incubation time in the present study. Based on the results of previous publications [8, 20, 25] , differences have been found in ruminal degradation characteristics of feed grains between plant species. In the present study, the degradation character istics represented as c and ED were ranked in the following order: wheat>barley≥rice>maize. This order agrees with the findings of the abovementioned reports [8, 20] . The present findings therefore confirm the degradation characteristics of rice grains relative to those of commonlyused grains, and demonstrate that colored rice grains show similar degradation characteristics to rice grains without pigment under the in situ condition.
The results of the present study revealed that colored rice cultivars show wideranging degradation characteristics as represented by c and ED. According to a previous review [26] , many factors affect the starch degradability in feed grains. Among those factors, the chemical properties of the starch (amylopectin/amylose), the extent of starchprotein interac tion, and the physical structure of the granules are probably associated with starch degradability in rice cultivars. Enishi et al [21] found that a higher amylose content without differ ence in total starch content decreased starch degradability but protein content, which varied due to fertilizer application, had no effect on the rice grains. However, in the present study, no significant relationships between amylose content and amy lose/amylopectin ratio, and starch degradation characteristics such as c and ED were observed, which corresponds to the findings reported by Miyaji et al [8] . This contradiction may be due to following reason: Enishi et al [21] used rice cultivars that had almost the same genetic background except for the amylose content gene in order to focus on the effect of the amylose content, whereas the present study involved rice cul tivars from different areas with several genetic backgrounds. Additionally, Miyaji et al [8] found that there were wide varia tions in the a and ED values between rice cultivars without pigment, and pointed out that those variations were likely due to the physical structure of the granules [27] . A previous re port [8] supports the findings of the present study in which the a and ED values varied widely in colored rice cultivars. Taken together, we suggest that the physical structure of the granule is likely to be responsible for the difference in degra dation characteristics between the colored rice cultivars in the present study.
Although rice gains require some kinds of processing such as grinding and steamflaking in order to be digested in the rumen since unprocessed rice grains were almost indigested under in situ conditions, grinding with a 2mm screen as was done in the present study should maximize the starch diges tion of starch from rice grains [8] . Actually, most of the DM and starch in rice grains was ruminally degraded as indicated by the values of potential degradable fraction (a+b) and actual degradability at 48 h incubation. Furthermore, the present result also shows that most of the pigments in the colored rice grains were released to the ruminal fluid. Our previous publi cations [28, 29] indicated that the studied pigmentrich forages (anthocyaninrich whole crop corn and purple whole crop rice), which would improve the oxidative status markers in ruminants, contain their pigments in the fibrous parts of the plants such as the stem and leaf. They also implied that those pigmentrich forages may have supplied less pigment to the animals than their pigment contents because of the generically lower digestibility of fiber fractions. Therefore, given their high digestibility, colored rice grains would be excellent pigment sources that could efficiently supply pigment to ruminants.
As mentioned above, the present study showed that colored rice grains would be good pigment sources because of their high pigment contents and high digestibility. There are many previous reports that studied the effects of antioxidants such as anthocyanin and proanthocyanidin on productivity and health in monogastric animals [30] but a few in ruminant animals. With regard to proanthocyanidins, they are also known as condensed tannins. Since proanthocyanidins have a functional property to bind preferentially to proteins to form ruminallyindigestible complexes, they show both positive and negative effects on nutrient availability depending on their concentrations and type in ruminants [31, 32] . As for antho cyanins, feeding of anthocyaninrich diets have been reported to improve oxidative stress markers [29, 33] . In addition, Di Trana et al [34] found that polyphenolrich diet ingestions led to increase in polyphenol content and TAC in both plasma and milk in lactating goat. It has been reported that lipid oxi dation in milk, which give rise to bad odor, was suppressed by antioxidant supplementation in dairy cow [35] . Taken together, antioxidants in diets may be absorbed and bring benefits to productivity and quality in ruminant animals. However, it appears that the antioxidants' actions depend on their con centration in diet and nature of antioxidant. Thus, in any case, feeding studies of colored rice grains should be conducted to elucidate this.
CONCLUSION
The findings of the present study demonstrated that colored rice grains contained higher concentrations of pigments which resulted in additional contributions to the increased polyphe nol content and TAC values. Based on the ruminal degradation characteristics observed in the present study, the colored rice grains as well as the control rice grain contained mostdigestible starch as expressed by their maximum values of the potential degradable fraction (a+b). Their c and ED values, which repre sent degradation characteristics, for starch were ranked as follows: wheat>barley≥rice>maize. Thus, colored rice grains should have high potential as sources of antioxidants in ad dition to being sources of starch for ruminants.
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